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ABSTRACT 
The effect of N-Tallow-1,3-DiaminoPropane (TDP) on friction, rolling wear and micropitting 
has been investigated with the ultimate objective of developing lubricants with no or minimal 
environmental impact. A Mini Traction Machine (MTM-SLIM) has been utilised in order to 
generate tribofilms and observe the effect of TDP on anti-wear tribofilm formation and friction. 
Micropitting was induced on the surface of specimens using a MicroPitting Rig (MPR). The 
X-ray Photoelectron Spectroscopy (XPS) surface analytical technique has been employed to 
investigate the effect of TDP on the chemical composition of the tribofilm while Atomic Force 
Microscopy (AFM) was used to generate high resolution topographical images of the tribofilms 
formed on the MTM discs. Experimental and analytical results showed that TDP delays the 
Zinc DialkylDithioPhosphate (ZDDP) anti-wear tribofilm formation. TDP in combination with 
ZDDP induces a thinner and smoother anti-wear tribofilm with a modified chemical structure 
composed of mixed Fe/Zn (poly)phosphates. The sulphide contribution to the tribofilm and 
oxygen-to-phosphorous atomic concentration ratio are greater in the bulk of the tribofilm 
derived from a combination of TDP and ZDDP compared to a tribofilm derived from ZDDP 
alone. Surface analysis showed that utilising TDP effectively mitigates micropitting wear in 
the test conditions used in this study. Reduction of micropitting, relevant to rolling bearing 
applications, can be attributed to the improved running-in procedure, reduced friction, 
formation of a smoother tribofilm and modification of the tribofilm composition induced by 
TDP. 
1. Introduction  
Micropitting, which is encountered in bearings and gears under certain conditions, is a 
prevailing surface fatigue which can lead to their premature failure. The lubrication regime, 
type of additive package (1-6), contact pressure (7), surface roughness and topography (8, 9), 
and slide to roll ratio are among the factors which have influence on micropitting (4, 10). 
Previous studies have shown that ZDDP (1, 4) and some of the other anti-wear additives (5) 
can promote micropitting occurrence. Therefore, emerging additive packages which can 
diminish micropitting while still offering protection of the surface from wear are of great 
interest to industry. 
Adsorption of ZDDP and its decomposition products on iron/iron-oxide surfaces has influence 
on the anti-wear performance of the ZDDP (11). It is assumed that a chemical interaction 
between the nitrogen in  dispersants/amine friction modifiers and the phosphorous (12, 13) 
and/or the zinc (14, 15) in ZDDP can take place. While the interaction of the nitrogen in amine 
with phosphorous in ZDDP can be expected due to the difference in the dipole moment,  the 
interaction of nitrogen as a complex ligand (electron-donor atom) with zinc as the coordination 
metal can form a metal complex which is thermodynamically stable. 
The interaction of the dispersant with ZDDP induces ZDDP decomposition in oil at a lower 
temperature compared to ZDDP alone (16, 17). On the other hand, the assumed chemical metal 
complex formation in oil may lead to a reduction in the adsorption rate of ZDDP on the surface 
(14). Also, this chemical interaction may delay the chemisorption of ZDDP on the substrate 
(14, 18). As a result, the adsorption competition between free-amine and free-ZDDP and steric 
hindrance resulting from amine-ZDDP complex formation alter the ZDDP anti-wear properties 
(15, 18), while the enhanced thermo-oxidative decomposition of ZDDP can accelerate thermal 
film formation. 
The change in the anti-wear performance of ZDDP in amine-ZDDP combination depends on 
the chemical structure of the nitrogen-containing molecule and its concentration in oil (14, 15). 
While Yamaguchi et al. (17) did not observe an alteration in the ZDDP anti-wear performance 
as a consequence of dispersant (as a nitrogen-containing additive) addition  , Zhang et al. (19) 
reported an increase in the wear rate when a dispersant is introduced to the ZDDP-containing 
lubricant in a prolonged rubbing test.  
Knowing that the nitrogen-containing additives (organic friction-modifiers and dispersants) 
can alter the ZDDP tribofilm properties implies that they can alter the ZDDP tribofilm that is 
known to induce micropitting (1, 4). In this regard, friction modification and the affinity of the 
functional group of N-tallow-1,3-diaminopropane (nitrogen) to ZDDP, which brings about a 
delay in the ZDDP tribofilm formation and a change in the tribofilm composition (14, 18, 20), 
were the rationales behind studying the effect of TDP on the enhancing behavior of ZDDP on 
micropitting. On this basis, the aim of this study is to understand and investigate the effect of 
N-tallow-1,3-diaminopropane on micropitting wear, friction and tribofilm in a ZDDP-
Containing lubricant. 
2. Tribological experiments 
2.1 Micropitting tests 
Micropitting wear was investigated using a modified PCS Instruments Micropitting rig (MPR) 
which is schematically represented in Figure 1 (a). The surface of interest is the surface of a 
spherical roller. The roller (12 mm in diameter) is in the middle and undergoes cyclic load 
applied by three larger and equal-diameter counterbodies which are inner rings of a cylindrical 
roller bearing (designation NU209) with modified roughness and outside diameter of 54.15 
mm after grinding. 
a) b) 
 
 
Figure 1. Schematic illustration of the test rigs a) MPR rig b) Image of the MTM pot and 
assemblies 
In the present work rings were delicately ground-finished transverse to the rotation direction 
with the roughness of ܴ௤=500±50 nm and rollers were circumferentially polished having a 
roughness value of ܴ௤= 50±5 nm. Morales et al. (21) suggested that the Slide-to-Roll Ratio 
(SRR) of 0.01-0.02 can induce maximum surface area affected by micropitting. In this regard, 
the MPR experiments are carried out under two percent slide-to-roll ratio in the current study. 
Ring Roller 
A transverse roughness, rather than longitudinal or isotropic, of the counterbody induces the 
maximum micropitting on the smoother body (1, 21). A perpendicular surface lay to the sliding 
direction is also thought to cause micropitting in gears (10). The experimental conditions in the 
present work are indicated in 7DEOH. 
7DEOH035WHVWSDUDPHWHUV 
Specimens 
Roller: 52100 steel, Rq: 50 nm HV: 785 
Rings: 52100 steel, Rq:  500 nm, HV: 745 
P
max
 1.5 GPa 
Temperature 90°C 
Load cycles (on roller) 1×106 
Slide-to-roll ratio (%) 2 
Entrainment speed 1 m/s 
2.2 Friction tests 
The effect of TDP on the frictional properties and tribofilm formation has been investigated 
using a PCS Instruments MTM rolling-sliding tribometer shown in Figure 1(b). The 
experimental specimens and parameters are listed in 7DEOH. 
7DEOH070WHVWSDUDPHWHUV 
Specimens Ball Disc 
Material and dimension (diameter) AISI 52100 steel - 19.05mm AISI 52100 steel - 46mm 
Hardness (HV) 800-920 720-780 
Roughness (Ra in nm) 16 8 
P
max
 (GPa) 1 
Temperature (°C) 90 
Rubbing-step duration between Stribeck steps (in minute) 5, 10, 15, 30, 60, 60, 60 
Stribeck diagrams and mapping after total rubbing times of (min) 0 (initial), 5, 15, 30, 60, 120, 180, 240 
Slide-to-roll ratio (%) throughout the test 5 
Entrainment speed for all rubbing steps 100 mm/s 
Entrainment speed range for Stribeck curve 3000 ± 15 mm/s 
Applying 35 N, 1 GPa of maximum Hertzian contact pressure has been applied to the surfaces 
at the start of the experiments. The bulk lubricant temperature was maintained and controlled 
at 90°C and SRR was set to 5% during all MTM experiments. Once the oil reached a steady 
temperature of 90°C, the load was applied and a Stribeck curve (3000±15 mm/s) was measured 
which is then followed by a rubbing step at a constant entrainment speed of 100 mm/s and a 
SRR of 5% for a pre-defined time interval. The Spacer Layer Imaging Method (SLIM) coupled 
with MTM was employed to map and measure the thickness of the reaction film formed on the 
ball surface after this rubbing step. 
SLIM uses a white light source to capture the tribofilm based on the optical interferometric 
technique. At the end of each rubbing step, the ball was stopped and loaded in reverse against 
a glass window through which a static image was taken from the wear track on the ball surface 
using an RGB camera. The topmost surface of the glass is coated with a transparent silica 
space-layer, beneath which is a thin and semi-reflective chromium layer. The beams reflected 
from the chrome layer and the ball surface generate an interference image following 
recombination of the light paths. The image is frame-grabbed by the camera and analysed by 
the control software to determine the film thickness. SLIM has been explained in detail by 
Taylor et al. (22). 
The three-step test procedure, based on the procedure applied by Taylor et al. (22, 23), was 
repeated several times during the experiment in order to understand the TDP effect on the 
frictional properties of the lubricant and tribofilm formation after specific rubbing time 
intervals. Stribeck friction curves acquired at the start of the test and then after total rubbing 
time of 5, 15, 30 min, 1, 2, 3 and 4 h, respectively, are plotted for the different lubricants. Each 
test has been repeated twice and the reported results are the average of the repeated 
experiments. 
2.3 Lubricants 
The base stock used is a low-viscosity poly-alpha-olefin (PAO) base oil. The kinematic 
viscosity of the base oil was 4.0 cSt at 100°C. The dynamic viscosity of the base stock which 
is used to calculate the minimum lubricant-film thickness in contact was 2.85 mPa.s at 90°C. 
Minimum film thickness in the contact ሺ݄௠௜௡ ൌ ܪ௠௜௡ ൈ ܴ௫) has been calculated using the 
Hamrock-Dowson equation (24) indicated as Eq 1. ࡴ࢓࢏࢔ ൌ ૜Ǥ ૟૜ ቀࢁࢋࣁ૙ࡱN?ࡾ࢞ቁ૙Ǥ૟ૡ   ሺࢻࡱԢሻ ૙Ǥ૝ૢ  ቀ ࢃࡱN?ࡾ࢞૛ቁ   ି૙Ǥ૙ૠ૜ ൫૚ െ ࢋି૙Ǥ૟ૡ࢑൯  Equation 1. 
Where H min is minimum dimensionless film thickness, Rx (ሺ ଵோೣǡೌ ൅ ଵோೣǡ್ሻିଵሻ is the effective 
radius of the curvature in the direction of x (tangent to the path of motion), Rx,a and Rx,b are the 
radius of curvature of  body a (ball/roller) and body b (disc/ring) in MTM ball-on-disc and 
MPR roller-rings type of contact in the direction of x, respectively, ĮLVWKHYLVFRVLW\-pressure 
coefficient (1.1×10í8 Paí1), W is the normal load (N), Ue is the lubricant entrainment speed 
(m/s), Ș0 is the dynamic viscosity of the lubricant (2.84×10í3 Pa.s), E' is the effective modulus 
of elasticity, and ݇ is the elliptical parameter which is equal to 1.03 and 4.08 in MTM ball-on-
disc and MPR roller-rings type of contact respectively. 
Lambda ratio ȜLVWKHLQGLFDWLRQRIWKHOXEULFDWLRQUHJLPHLQWKHFHQWUHRIFRQWDFWDQGGHILQHG
as the ratio of the minimum film thickness (hmin) to the average root mean square roughness of 
the two surfaces (Eq 2). ࣅ ൌ ࢎ࢓࢏࢔ටࡾࢗǡࢇ૛ାࡾࢗǡ࢈૛     Equation 2. 
Where Rq,a and Rq,b are the root mean square roughness of the contact body one (ball/roller) 
and contact body two (disc/rings), respectively. The initial lambda ratio at the start of the 
FRQWDFWZDVȜ DQGȜ LQ070WHVWVDQG035WHVWVUHVSHFWLYHO\Both MTM and 
MPR tribological tests have been carried out using four lubricants; details are given in Table 
3: 
Table 3. Lubricant formulation table 
Lubricant 
name 
Lubricant formulation Lubricant name Wt% 
Phosph
orous 
 ? ?  
Oil-A  3$2EDVHRLOȣ F6W@100°C BO - - 
Oil-B  PAO + ZDDP  BO+ZDDP 0.08 - 
Oil-C Oil-B + TDP at concentration of 0.5 wt% BO+ZDDP+TDP(C) 0.08 0.55 
Oil-D Oil-B + TDP at concentration of 1.0 wt% BO+ZDDP+TDP(2C) 0.08 1.1 
The TDP additive was blended to the oils using an ultrasound bath at 45-50°C whilst mixing 
for 30 minutes. 
3. Surface Analysis 
3.1 Wear Measurement 
The wear volume measurement has been carried out using a %UXNHU¶V13)/(; based on Wyko 
(White Light Interferometry (WLI)) technology. Wear track profiles of three spots of each 
specimen have been generated and the average value of the three spots is considered as wear 
volume. The wear measurement has been done on the rollers used in MPR. Prior to the wear 
measurement, the tribofilm and residual oil on the specimen have been removed thoroughly by 
ZLSLQJ WKH VSHFLPHQ¶V VXUIDFH XVLQJ WLVVXH DQG DFHWRQH IROORZHG E\ XOWUDVRQLF FOHDQLQJ LQ
acetone for thirty minutes. 
3.2 Optical microscopy 
A Leica Stereo Microscope (M205 C) was used to capture images from the surface of the MPR 
rollers. Prior to the microscopy the residual oil was removed through ultrasonic cleaning in 
isopropanol for three minutes. 
3.3 Scanning Electron Microscopy (SEM) 
A Zeiss Supra 55 SEM is utilised to capture images through secondary electron detector 
collecting the secondary electrons emitted from the surface of the MPR rollers. The VSHFLPHQ¶V 
electrons have been excited by electrons coming from the electron-gun having acceleration 
voltage of 5 kV. The residual lubricant on the specimen has been cleaned through flushing n-
heptane followed by ultrasonic cleaning in n-heptane for three minutes prior to SEM analysis. 
3.4 X-ray Photoelectron Spectroscopy (XPS) 
XPS surface analysis has been carried out utilising a 3+,9HUVD3UREHVSHFWURPHter 
(Ulvac-PHI Inc, Chanhassen, MN, USA) which uses a monochromatic Al KĮ X-ray source 
(1486.6 eV). 
Prior to the XPS analysis residual lubricant on the surface has been eliminated through flushing 
n-heptane followed by ultrasonic cleaning in n-heptane for three minutes.  Survey spectra with 
an energy step size of 1 eV were collected from different locations in order to accurately 
identify inside and outside of the tribological contact. Detailed spectra have been collected 
from small areas inside the wear track approximately at the centre with a beam size of 100 
µm×100 µm and a power of 23.7 W in the fixed analysed transmission mode selecting an 
energy step size of 0.05 eV for the oxygen, iron, phosphorous, and sulphur acquisition and 0.1 
for carbon and zinc. The residual chamber pressure was always lower than 5×10-7 Pa during 
spectra acquisition.  
The detailed XPS spectra were fitted using CASAXPS software (version 2.3.16, Casa Software 
Ltd, UK) with Gaussian±Lorentzian curves after subtracting a Shirley background. The 
charging of the specimen has been corrected by referring aliphatic carbon binding energy to 
285.0 eV (as a contamination). The curve fitting procedures for the phosphorous signal (P 2p) 
and the sulphur signal (S 2p) were performed applying an area-ratio-constraint of 2:1 for the 
two components of the signal (p3/2 and p1/2), in accordance with spin-orbit splitting (25). Also, 
position-difference-constraints of 0.85 eV and 1.25 eV are applied for the two components of 
the phosphorus and sulphur signals, respectively in the detailed XPS spectra fitting procedure. 
An Ar+ ion source (2 keV energy, 2 ×2 mm2 area and 1 µA sputter current) has been used to 
sputter the reaction film on the wear track in order to attain the elemental distribution of 
reaction film across its depth and estimate the reaction film thickness. Ion sputtering was 
carried out every 60 s between XPS acquisition and its rate on steel was found to be 4.5 nm per 
minute by Wyko. The sputtering time at which the concentration of O1s signal becomes less 
than 5% and no traces of the tribofilm elements (Zn, P, S) is found, is considered as a measure 
of the reaction layer thickness (25). 
3.5 Topographical/roughness analysis of the tribofilm 
AFM analysis provides nanometre-scale resolution, thus a %UXNHU¶V(Dimension Icon) AFM 
was used in order to study the topographical characteristics of the tribofilms formed on the 
MTM disc surfaces. Scans were carried out in tapping mode over areas of 20 µm× 20 µm and 
5 µm ൈ 5 µm for the tribofilm roughness and morphology study. Separate MTM tests were 
carried out for AFM measurements using the BO+ZDDP and BO+ZDDP+TDP(C) lubricant 
formulation. Test conditions are indicated in Table 4. 
 Table 4. Experimental setup for topographical AFM analysis 
Specimens 52100 steel Ra:  ball= 16 nm Disc: 8 nm 
Pmax 1 GPa 
Temperature  90°C 
Slide-to-roll ratio (%) throughout the test 5 
Entrainment speed 100 mm/s 
Test duration  120 minutes 
AFM scanning after rubbing time of 15, 120 minutes 
For the AFM study, the test is halted after 15 minutes of rubbing followed by AFM analysis of 
the wear track on the MTM disc while the ball remained attached to the shaft. The oil was 
replaced with the fresh oil and a further rubbing step of 105 minutes was carried out on the 
same specimen. The second AFM scan, performed on the disc, corresponds to the tribofilm 
formed after two hours of rubbing in total. The AFM scans after a rubbing duration of 15 
minutes and 120 minutes were selected to represent the early/middle stage of the tribofilm 
formation and the established stage of the tribofilm formation (at which the friction coefficient 
and tribofilm-thickness will remain relatively constant), respectively. 
4. Results 
4.1 Tribofilm thickness 
The MTM tests were carried out to investigate tribofilm thickness and friction. A ZDDP 
tribofilm was seen to form on the surface after nearly five minutes of rubbing in the BO+ZDDP 
lubricant formulation. As can be seen in Error! Reference source not found., for the 
BO+ZDDP+TDP(C) and BO+ZDDP+TDP(2C) the period was delayed to thirty minutes and 
one hour, respectively. The delaying effect was enhanced when the concentration of TDP was 
doubled.  Addition of the TDP to the lubricant resulted in a 20 nm thick tribofilm, while 
BO+ZDDP lubricant generates a 90 nm thick tribofilm at the end of the test. 
 
Lubricant 15 min 30 min 1 hr 2 hr 3 hr 4 hr 
BO + 
ZDDP 
    
 
 
BO + 
ZDDP + 
TDP(C) 
      
BO + 
ZDDP + 
TDP(2C) 
      
Figure 2. MTM tribofilm evolution over rubbing-time in the three lubricant formulations. The 
circular contact zones in the interference images are 280 µm in diameter as represented in the first 
image of  BO + ZDDP + TDP(2C) lubricated ball surface 
280 µm 
4.2 Friction 
 Figure 3 shows the friction behaviour of the different lubricant formulations. As can be seen 
in Figure 3(b), at the start of the test (at which the tribofilm has not yet formed) the initial 
Stribeck curve of the BO + ZDDP was similar to that of the base oil. However; the effect of 
ZDDP was observed after only five minutes of rubbing and this results in the boundary/mixed 
condition being seen at higher intermediate speeds throughout the test. The development of 
ZDDP tribofilm on the contact surfaces causes a significant increase in the friction of the 
intermediate entrainment speeds as expected (23). The patchy nature of the ZDDP-tribofilm is 
known to inhibit the fluid-oil entrainment to the contact and enhances friction (22, 23, 26).  
The Stribeck curve measured for BO+ZDDP after thirty minutes of rubbing remained similar 
until the end of the test implying that the tribofilm morphology, thickness and rate of 
microscopic-tribofilm formation and removal reached a steady state condition. 
a) BO b) BO + ZDDP 
 
 
c) BO + ZDDP + TDP (C) d) BO + ZDDP + TDP (2C) 
  
Figure 3. Stribeck diagrams measured after certain rubbing times for the four lubricant 
formulations 
It can be noted that the Stribeck friction results for the BO test (Figure 3 (a)) increases after 
each rubbing step continuously, caused by the wear process which roughens the surfaces. As 
shown in Figure 3 (c and d), TDP in the lubricant decreases the boundary friction at the start 
of test compared to the BO and BO+ZDDP tests which can be attributed to the adsorbed film 
on the steel surfaces. Also, TDP reduced friction in the intermediate speed range (200 -1000 
mm/s) throughout the test. A clear increase in friction occurred as soon as the tribofilm started 
to appear after 30 minutes and 1 hour of rubbing at TDP concentration of C and 2C respectively. 
After the first hour of rubbing, the friction coefficient during each traction step remains 
constant followed by an increase during Stribeck friction step due to the further tribofilm 
formation and mild wear. 
Increasing the concentration of TDP from C to 2C led to more extensive friction reduction and 
delay of the tribofilm formation, probably due to greater TDP-ZDDP interactions and less 
ZDDP adsorption on the surface. In conclusion, TDP delays the ZDDP-derived tribofilm 
formation and supresses the ZDDP tribofilm friction-intensifying properties. MTM results 
showed that TDP in Oil-C and Oil-D reduced the friction coefficient in boundary and even 
more in mixed lubriction regime. 
4.3  Topographical analysis of the tribofilms 
AFM images have been taken on the tribofilms formed on the MTM discs at the approximate 
centre of the wear tracks. Figure 4 and Figure 5 show representative AFM images of 20×20 
µm2 area of the tribofilm.  
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a) BO + ZDDP + TDP (C) b) BO + ZDDP 
  
The line profile below each image corresponds to height profile (in Z direction) of each AFM 
image at the centre of the image horizontally including root mean square roughness (Rrms) of 
the line profile. The roughness values (Rq) of the tribofilms induced by BO+ZDDP are 5.1 nm 
and 23.3 nm, while roughness values of the tribofilms induced by BO+ZDDP+TDP(C) are 3.9 
nm and 12.5 nm after 15 minutes and 2 hours of rubbing respectively. 
Smoother tribofilms are formed when TDP is present in the lubricant formulation. 
Representative AFM images of 5×5 µm2 area of the tribofilm generated after two hours of 
rubbing are shown in Figure 6. The images show the patchy and uneven nature of the ZDDP-
derived tribofilm; such a structure is well-established in the literature (27).  
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a) BO + ZDDP + TDP (C) b) BO + ZDDP 
  
c) Height profile of the tribofilm across the 
centre of the image (a) 
d) Height profile of the tribofilm across 
the centre of the image (b) 
c) Height profile of the tribofilm across the 
centre of the image (a) 
d) Height profile of the tribofilm across the 
centre of the image (b) 
 
 
Figure 4 AFM images and representative height-profiles across centre of the tribofilms induced 
after 15 minutes of rubbing in BO +ZDDP + TDP(C) and BO + ZDDP lubricants 
Rrms = 5.6 nm Rrms = 3.2 nm 
  
Figure 5. AFM images and representative height-profiles across centre of the tribofilms induced 
after 2 hours of rubbing in BO +ZDDP + TDP(C) and BO + ZDDP lubricants 
In contrast to the tribofilm generated using BO+ZDDP, the tribofilm formed on the surface 
lubricated with BO+ZDDP+TDP(C) appeared to be smooth and seems to consist of evenly 
distributed pads along the sliding-rolling direction. 
a) BO + ZDDP + TDP (C) b) BO + ZDDP  
 
 
Figure 6. AFM images of the tribofilms induced after 2 hours of rubbing in a) BO +ZDDP + 
TDP(C) and b) BO + ZDDP lubricants 
4.4 Micropitting results 
 Optical micrographs 
 As can be seen in Figure 7, on the surface of the roller lubricated with BO there is no visible 
micropitting since the dominant surface damage is wear. However, severe micropitting features 
are clearly observable on the roller lubricated with BO + ZDDP mostly appearing in the contact 
zone where the contact pressure is higher.  
The micropitting-enhancing properties of the ZDDP-tribofilm shown in Figure 7 is in 
agreement with previous reports (4, 21). Addition of TDP to the lubricant formulation 
Rrms = 31.9 nm Rrms = 13.1 nm 
significantly reduced the micropitting features on the roller surfaces as can be seen in Figure 
7.  
a) BO b) BO + ZDDP 
 
 
c) BO + ZDDP + TDP(C) d) BO + ZDDP + TDP(2C) 
 
 
Figure 7. Optical micrographs of the roller surfaces lubricated with a) BO, b) BO + ZDDP, c) 
BO + ZDDP + TDP(C), and d) BO + ZDDP + TDP(2C) lubricant formulations 
 SEM 
In order to inspect micropitting in the wear scars and corresponding tribofilms, Secondary 
Electron (SE) images of the roller surfaces are taken using a low acceleration voltage (5KV). 
Figure 8(a and c) shows an extensively cracked surface and ruptured tribofilm perpendicular 
to the rolling direction on the roller lubricated with BO + ZDDP. This corresponds to 
micropitting generated beneath the tribofilm. The generated micropits propagate perpendicular 
to the rolling/sliding direction. On the right hand-side (Figure 8(b and d)) SE images of the 
roller lubricated with BO + ZDDP + TDP(2C) are shown, it is clear that the surface and 
tribofilm are more uniform and significantly more intact which is an indication of a surface 
with less micropitting surface density. High magnification images (Figure 8 (c and d)) compare 
a crack size on the roller surfaces. It is clear that the surface of the roller lubricated with 
BO+ZDDP+TDP(2C) is less cracked relative to that of the BO+ZDDP test surface. The more 
intact surface (and tribofilm) of BO+ZDDP+TDP(2C) probably results from smother tribofilm 
formed and its chemical composition. 
a) b) 
  
c) d) 
  
Figure 8. SEM images of the tribofilms on the roller surfaces lubricated with a and c) BO + 
ZDDP, b and d) BO + ZDDP + TDP (2C) 
 Wear track profile 
In Figure 9, the deep wear profile of the roller lubricated with base oil indicates that the roller 
had undergone substantial material loss, while the roller lubricated with BO + ZDDP suffered 
severe micropitting on the surface. The wear profiles of the rollers lubricated with TDP-
containing lubricant formulations clearly show considerably less micropitting on the surfaces 
compared to the roller lubricated with BO + ZDDP while rollers are protected from significant 
material loss observed with base oil formulation. Abrasive marks also can be seen on the rollers 
lubricated with TDP-containing lubricant formulations. 
Rolling / sliding direction Rolling / sliding direction 
a) BO c) BO + ZDDP + TDP (C) 
 
 
 
 
b) BO + ZDDP d) BO + ZDDP + TDP (2C) 
 
 
 
 
Figure 9. White light interferometric wear track profiles of the roller surfaces lubricated with a) BO, b) BO 
+ ZDDP, c) BO + ZDDP + TDP (C), d) BO + ZDDP + TDP (2C) 
 Wear volume results 
The total wear volume of the rollers lubricated with the different lubricant formulations is 
shown in Figure 10. Utilising ZDDP in the lubricant formulation reduces the wear volume by 
approximately 90% compared to the base oil alone as expected. Also, Figure 10 shows that 
the addition of TDP to the BO+ZDDP reduces the total wear volume. For the lubricant 
formulations comprising TDP, a decrease of approximately 15% in wear volume was observed 
compared to BO + ZDDP formulation. Figure 9 and Figure 10 show that BO+ZDDP+TDP 
formulation significantly reduces the micropitting on the roller surface compared to BO+ZDDP 
formulation and protects the surface from wear more effectively than BO+ZDDP at the same 
time. 
It should be noted that there are some reports (14, 26) addressing the antagonistic effect of 
amine-based additives on ZDDP and consequent increases in wear. These tests were carried 
out in different test conditions using a sliding high-frequency reciprocating rig (HFRR) and 
valve train test. The test conditions in this study are mainly of interest to roller bearing 
applications and so are different to the previous reports (26). Also, the detrimental effect of 
amine-based additives is strongly dependent on the concentration and alkyl chain length 
(carbon number); as an example, addition of 2-ethylhexylamine to i-C3 ZDDP at molar ratio 
of 1:1 did not affect wear (14, 15, 18). 
4.5 Chemical composition of the tribofilms 
XPS is employed to understand how the tribochemistry affects the changes in friction and 
micropitting wear seen when TDP is used in conjunction with ZDDP. The binding energies of 
the peaks and corresponding chemical compounds are summarised in Table 5. 
The carbon C 1s spectra in the tribofilms are resolved to four peaks. The main peaks in both 
tribofilms appeared at 285.0 eV assigned to aliphatic carbon (C-C and C-H). The other three 
minor contributions in Oil-B were observed at 286.4, 287.6 and 289.0 ± 0.1 eV assigned to C-
O, C-S and C=O (carbonate and/or carboxylic), respectively. Also, other three minor 
contributions in Oil-C appeared at 286.3, 287.7 and 288.8 ± 0.1 eV corresponding to C-O/C-
N, C-S and C=O, respectively. 
The O 1s signal consists of two peaks in Oil-B and three peaks in Oil-C (see Figure 11). The 
most intense peaks at 531.4 ± 0.1 eV (Oil-B) and 531.2 ± 0.1 eV (Oil-C) are assigned to Non-
Bridging Oxygen (NBO) originated from the phosphate chain (-P=O and P-O-M; where M is 
metal: Zn or Fe), nitrates (Oil-C) (28), hydroxide and carbonates (Oil-B and Oil-C). The peaks 
at 532.9 ± 0.1 eV (Oil-B and Oil-C) correspond to Bridging Oxygen (BO) from phosphate 
chain (P-O-P) and sulphates in Oil-C. The peak at 529.8 eV ± 0.1 eV in the O 1s signal of Oil-
C is attributed to the oxide. 
 
Figure 10. Total wear volumes occurred on the roller surfaces lubricated with the four 
lubricant formulations 
The values of the P 2p3/2 peaks (133.3 ± 0.1 eV and 133.0 ± 0.1 eV for Oil-B and Oil-C, 
respectively) indicate that the top measured layer of the tribofilm is not expected to consist of 
long (poly)phosphate chains, since P 2p3/2 in the pure long chain zinc polyphosphate appears 
at 134-135 eV (29-32). A peak originating from Zn 3s was detected at 140.2 ± 0.1 eV (Oil-B) 
(139.9 ± 0.1 eV (Oil-C)) which is considered to calculate the quantification data, since the 
inelastic mean free path value of this peak is approximately same as that of the phosphorus 
signal and similar to those of the oxygen and sulphur signals (25, 33, 34).  
The contribution of nitrogen can be observed only in the spectra of the tribofilm on the roller 
lubricated with Oil-C. N 1s signal due to the lack of specific standards and a low signal to noise 
ratio is difficult to interpret. However, as shown in Figure 11, a peak can be resolved at 399.8 
± 0.1 eV that can be attributed to the N-C bond in the TDP additive. This N-C bond can be 
assigned to the adsorbed TDP on the surface or compound(s) of ZDDP and TDP interaction. A 
Oxygen 1s Sulphur 2p 
 
 
Nitrogen 1s (Oil-C) Iron 2p (Oil-C) 
  
Figure 11. Detailed XPS spectra collected from MPR rollers in contact against rough rings 
lubricated with BO + ZDDP and BO + ZDDP + TDP (C) lubricant formulations 
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minor peaks was also detected at 401.9 eV in N 1s signal which can be attributed to the N-O 
bond and/or ionized organic (di)amine (35). No trace of nitrogen was detected after 60 s of ion 
sputtering the reaction layer, suggesting that TDP does not contribute to the chemical 
composition of the bulk of the tribofilm.  
As shown in Figure 11, the S 2p spectra from the tribofilms have signal in the oxidation state 
of -2 (Sȱȱ) assigned to sulphides (36) as metal sulphide (ZnS) which are embedded precipitates 
and sulphur which is substituted for oxygen in the phosphate chain forming 
(polythio)phosphate (37). Using XPS is not easy to distinguish between (thio)phosphate and 
metal sulphide. A contribution of sulphate from sulphur (S 2p) in oxidation state of +6 (S৽ȱ) 
(36) was observed for the roller lubricated with Oil-C, generating a S 2p3/2 peak at 167.9 ± 0.1 
eV. Sulphate is present on the top layer of the tribofilm and in the bulk of the tribofilm sulphide 
exists. The role of sulphate as an oxidised species is not thoroughly understood; however it is 
claimed to appear in thermally-decomposed ZDDP at outside of the wear track and at inside of 
the wear track of the boundary lubricated contact where the oil was contaminated with water 
(25, 38) or if an S-containing additive is used in the lubricant formulation (39). Sulphate 
contribution to the ZDDP-tribofilm in the wear track has also been shown using X-ray 
absorption near edge structure (XANES) spectroscopy (40) and XPS (41).  
While an iron signal was not detected in Oil-B, iron (Fe 2p) signal in Oil-C was resolved to 
four peaks shown in Figure 11. Peaks at 709.9 ± 0.1 eV and 711.1 ± 0.1 eV can be attributed 
to iron oxide in oxidation states of +2 and +3, respectively. Oxide peak at 529.8 ± 0.1 eV in 
the O 1s signal can be attributed to the iron oxide accordingly. In addition, the peak at 712.8 ± 
0.1 eV, attributed to FePO4, suggests the contribution of iron to the (poly)phosphates in the 
tribofilm. 
The polyphosphate chain length of the ZDDP-derived tribofilm is reported to have an important 
impact on its anti-wear performance (42). The BO/NBO ratio which has been used to evaluate 
the chain length of zinc phosphate glasses (42) may easily be affected by contaminants. Also, 
peaks can overlap with other components. Hydroxides and C=O (carbonyl and carbonate) can 
contribute to NBO peak (25, 28). Also, sulphate and P-O-C components (43) can contribute to 
the BO peak. Furthermore, the adsorbed water at 533.3-534.3 eV (28, 44) can bring about errors 
in the BO/NBO ratio. As a result, considering BO/NBO ratio for phosphate chain length 
estimation may bring about uncertainties. Therefore, complementary parameters are required 
to confirm the change in chain length. 
A higher ratio of Zn/P together with an increase in the O/P ratio in the zinc phosphate chain 
suggests having greater ZnO/P2O5 mole fraction. In general with the more metal oxide fraction 
(shorter phosphate chain length), lower BO/NBO ratios and shift of  P 2p3/2 binding energy to 
lower value have been observed (44-47).  In addition, in iron phosphate tribofilms, phosphate 
chains with lower Fe/P ratios consist of longer chains (43). 
The BO/NBO ratio of almost zero together with low binding energy of the P 2p3/2 peak (133.0 
eV) in Oil-C suggests short chain phosphate formation in favour of pyro/ortho-phosphate. In 
addition, the decrease in BO/NBO ratio and binding energy of the P 2p3/2 peak alongside the 
increase in Zn/P and O/P ratios in tribofilm of Oil-C infers shorter (polythio)phosphate chain 
development compared to the phosphate chain length in the tribofilm of Oil-B. This is in 
agreement with the Willermet et al. work (48, 49). Dispersants, which have polyamine in the 
chemical structure, in oil have been addressed to decrease the (poly)phosphate chain length in 
the ZDDP thermal-film (16) and tribofilm (17). 
The cross-sectional schematics of the tribofilms are presented in Figure 12 based on the XPS 
detailed spectra and sputtered profiles.  
Table 5. Binding energy values for the elements/compounds of the tribofilms and atomic 
concentrations of the tribofilm elements (Zn, S, O, and N) normalised to P 
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The sputtered profile of the tribofilm shown in Figure 13(a) confirms a thick tribofilm 
formation on the surface, since after 30 minutes of etching there is a substantial proportion of 
the tribofilm consists of P, S and Zn elements. 
 Iron does not appear until nine minutes of etching implying the existence of zinc 
(polythio)phosphate alongside sulphides (ZnS and/or species in the form of 
(polythio)phosphate) on the upper  layer of the tribofilm. This is represented in Figure 12 (a) 
that shows a decrease in the zinc concentration from top layer to the bulk and a decrease in the 
iron concentration from the substrate to the area close to the substrate. Relative S to P, O and 
Zn atomic ratios are larger in the top layer compared to the bulk of the tribofilm indicating an 
enhanced contribution of sulphides to the top layer of the tribofilm (see Figure 12(a)). Iron 
sulphide formation is expected on the substrate due to the very severe lubrication regime (37, 
50). Carbon was not detected in the bulk of tribofilm generated from Oil-B confirming the 
inorganic nature of the ZDDP tribofilm (27, 48, 51).  
A schematic illustration of the tribofilm induced by Oil-C is shown in Figure 12(b). The 
detected Fe signal in the spectra collected from the tribofilm formed from Oil-C (Figure 11) is 
an indication of a thinner tribofilm formation (51). This is confirmed through etching the 
tribofilm, by which, after only four minutes of etching (Figure 13(b)), no trace of tribofilm 
elements (P, Zn, and S) was observed. Thinner tribofilm formation on the roller surface can be 
due to less shear-resistant tribofilm induced by TDP, or due to the development of an inferior 
extent of tribofilm-precursors (28) on the top layer to compensate the removed tribofilm in the 
severe condition (52). The tribofilm consists of thin short chain mixed Fe/Zn (thio)phosphates 
a) BO + ZDDP b) BO + ZDDP + TDP(C) 
  
Figure 12. Schematic illustration of the tribofilms formed on the MPR roller surfaces 
lubricated with a) BO + ZDDP b) BO + ZDDP + TDP(C) 
(pyro/ortho-phosphate) with a minor contribution of TDP residuals and oxidised species 
(sulphates and nitrates) on the top layer. Also, formation of (di)amine and phosphate 
compounds, possibly (di)amine phosphate (39), can be suggested on the top layer of the 
tribofilm considering the shifts of the NBO peak in the O 1s signal and P 2p3/2 peak in Oil-C 
spectra to lower binding energies with respect to the NBO and P 2p3/2 peaks in Oil-B spectra 
(shown in Table 5). 
The contribution of ammonium phosphate (16, 17) or/and amine phosphate (53) to the 
phosphate chains in tribofilms induced by lubricants containing ZDDP and dispersants has 
been reported using XANES spectroscopy and XPS (39). The amine phosphate is formed 
through reaction of the pyrolytically dissociated amine group and decomposed ZDDP (53). 
This may imply the minor contribution of the TDP to the phosphate chain as (di)amine 
phosphate. 
In comparison to the tribofilm formed from Oil-B, S/P atomic concentration ratio in the 
tribofilm bulk is enhanced in the tribofilm generated from Oil-C (comparing Figure 12 (a) and 
(b)) showing greater sulphide contribution to the tribofilm bulk. Also, the relative concentration 
of the oxygen-to-phosphorous is enhanced in tribofilm from Oil-C on the top layer (O/P: 3.1) 
and in the bulk compared to the relative concentration in the tribofilm from Oil-B on top layer 
(O/P: 1.9) and in the bulk. This is in agreement with Pasaribu et al. (54) results showing 
superior rolling contact fatigue performances of the reaction layers having higher 
concentrations of oxygen rather than phosphorous. 
a) BO + ZDDP b) BO + ZDDP + TDP(C) 
 
 
Figure 13. Sputter depth profiles of the reaction layers on the roller surfaces lubricated with a) 
BO + ZDDP and b) BO + ZDDP + TDP(C) 
5. Discussion 
5.1 Effect of TDP on ZDDP tribofilm structure 
The experiments were carried out utilising two test rigs; namely MTM and modified-MPR both 
in dominantly rolling conditions rather than sliding. Experimental and analytical results 
showed that TDP delays the tribofilm formation probably due to previously reported (14, 15, 
18, 20, 28) acid-base interactions leading to complex formation or hydrogen bonding of 
nitrogen to phosphorous in ZDDP/ZDDP decomposition species (12, 13) hindering 
chemisorption. The tribofilms formed in the TDP-containing lubricants are approximately 20 
nm thick on the MTM ball and MPR roller surfaces. Nevertheless, BO+ZDDP lubricant 
generates tribofilms in the order of 90 nm in thickness on WKHVSHFLPHQ¶VVXUIDFHV.   
In this study, a thin mixed Zn/Fe short-chain (poly)phosphate has been observed to form on the 
roller surface lubricated with Oil-C. A lower BO/NBO ratio (42) and a lower P 2p3/2 binding 
energy (44, 47) together with greater cation concentration (16, 42) (Zn2+, Fe3+, and ionized 
amine) suggest shorter (poly)phosphates in the tribofilm from Oil-C compared to  
(poly)phosphates in the tribofilm from Oil-B. Also, metal or/and organic sulphides together 
with small portion of TDP residuals and oxidised species (sulphates and nitrates) were detected 
on the top layer of the tribofilm. A minor contribution of the (ionized)-(di)amine phosphate to 
the tribofilm can be suggested on the very top surface. Greater sulphide and oxygen 
concentrations in the bulk of the tribofilm have been observed which may bring about greater 
rolling contact fatigue life (54). However; the tribofilm on the roller lubricated with BO+ZDDP 
is thick and consists of short chain zinc (poly)phosphates along with metal (Zn) or/and organic 
sulphides on the top layer.  
AFM results showed the smooth tribofilm formation and growth induced by TDP. The 
mechanism of the smooth tribofilm formation can be attributed to ZDDP and TDP interactions 
in the lubricant and consequently sustained chemisorption of the ZDDP-decomposition 
products. 
5.2 TDP effect on friction and micropitting wear 
The effect of ZDDP in increasing friction is reduced using TDP in lubricants. Friction reduction 
both in boundary and mixed entrainment speeds has been observed due to smoother tribofilm 
formation and adsorption of TDP or compounds formed through ZDDP and TDP interactions 
on the tribofilm and steel surface where no tribofilm is formed.  
Shown in Figure 9 (c and d), the abrasive marks in the wear tracks on the roller surfaces 
lubricated with Oil-C and Oil-D, can be explained by the hard and soft acids and bases (HSAB) 
theory which is established by Ho and Pearson (55, 56) and well-implemented to ZDDP by 
Martin (42). Based on this theory the thicker and longer-chain (poly)phosphate (hard base) can 
digest the iron-oxide wear particles (in comparison to zinc-oxide, iron-oxide is a harder Lewis 
acid) and avoid abrasive wear. The tribofilm resulted from TDP is thin (shown in Figure 12(b) 
and Figure 13(b)) and consists of short-chain (poly)phosphates; thus the abrasive marks can 
be expected. 
SEM images of the rollers revealed extensively cracked surfaces (and tribofilm) of rollers 
lubricated with BO+ZDDP. The surfaces lubricated with TDP-containing lubricant are 
considerably less damaged. The optical microscopy together with WLI images showed the 
effective reduction in micropitting on MPR rollers using TDP in lubricant formulation. The 
total wear volumes are measured on the rollers, disclosing the rolling-wear reduction efficiency 
of TDP after a million of cycles when it is introduced to the lubricant formulation in 
combination with ZDDP. The surface of the roller undergoes less micropitting compared to 
BO+ZDDP while protected from wear happening on the roller lubricated with base oil. 
As far as micropitting is concerned in a steel-steel contact, the most derivative to induce 
micropitting is the roughness difference between the surface and the counterpart (1, 7). 
However, the effect of ZDDP tribofilm on micropitting intensification may include further 
parameters. 
The viscous soft top polyphosphate layer (57) can accommodate the rolling/sliding shear stress 
inside the tribofilm rather transferring this to the substrate surface (52), while short chain zinc 
(or mixed Fe/Zn) (poly)phosphates are believed to be stable and more shear resistant and has 
higher hardness compared to the soft polyphosphate layer (52) probably due to having higher 
<RXQJ¶VPRGXOi values and accumulation of residual compressive stresses (27). While rubbing 
contact progresses, the tribofilm becomes thicker up to a certain time (58) and forms harder 
and shorter chain (poly)phosphate (37) which is expected to be more shear resistant. As a result 
lower viscous flows on the surface caused by harder short-chain metal-(poly)phosphates can 
be expected.  
Alongside ZDDP early and fast decomposition on the surface, depolymerisation of the 
tribofilm to a harder and more shear-resistant zinc (or mixed Fe/Zn) short polyphosphate in the 
wear process may upsurge the micropitting incident through accumulation of local plastic 
deformation. The early  ZDDP-tribofilm formation hinders proper running-in of surfaces (1, 4, 
27) consequently hinders the decline in roughness (1, 59). The depolymerisation of the ZDDP-
tribofilm to a shear-resistant zinc (or mixed Fe/Zn) short polyphosphate in the wear process is 
expected due to iron-oxide digestion (42) or substrate iron ion diffusion to the tribofilm (27). 
Thin together with smoother tribofilm formation induced by TDP+ZDDP formulation suggests 
less shear resistance nature of the tribofilm which may induce less local plastic deformation. 
The chemically modified tribofilm and smoother tribofilm formation accompanied with 
improved running-in process due to the delayed tribofilm (and chemisorbed film) formation 
suggested to be the reason behind micropitting and friction reduction capability of TDP+ZDDP 
formulation. 
6. Conclusions 
Experimental and analytical results showed that TDP, as an environmentally friendly organic 
additive, in combination with ZDDP effectively mitigates the micropitting-intensifying 
behavior of ZDDP while the surface is protected from wear. Furthermore, the rolling/sliding 
wear performance is comparatively improved using TDP in the lubricant formulation together 
with ZDDP compared to BO + ZDDP formulation in the test conditions used in this study. The 
following conclusions can also be drawn from this study: 
x TDP reduces the friction-intensifying behavior of the ZDDP-containing oil and delays the 
tribofilm formation. Addition of TDP to the ZDDP-containing oil reduces the tribofilm 
thickness formed on the surface. 
x The tribofilm formed on the MPR roller lubricated with base oil + ZDDP is composed of 
metal(zinc at top layer and zinc/iron in bulk) short chain (poly)phosphates and (metal and 
organic) sulphides. Tribofilm formed on the MPR roller lubricated with base oil + ZDDP 
+ TDP is composed of mixed zinc and iron short chain (poly)phosphates, (metal and 
organic) sulphides and a minor extent of oxidised species (sulphates and nitrates). Traces 
of nitrogen from TDP molecule were detected only on the top layer of the tribofilm which 
can be attributed to the adsorbed TDP molecules and amine phosphates. TDP enhances the 
atomic ratios of S/P, O/P and O/S indicating a greater contribution of oxygen to the 
tribofilm. 
x Using TDP-containing lubricant a smoother tribofilm was achieved. TDP inhibits patchy 
ZDDP-derived tribofilm formation. The micropitting and friction reduction, attained 
through adding TDP to the lubricant, is attributed to the smooth tribofilm formation 
alongside the modified chemical structure of the tribofilm derived from base oil + ZDDP 
+ TDP lubricant formulation. 
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